PE11 (Rv1169c or LipX) is a cell wall associated esterase/lipase of Mycobacterium tuberculosis (Mtb). Evidences suggest that PE11 is expressed by Mtb both in vitro and in vivo. Previous studies have shown that PE11 leads to modification in cell wall lipid content and enhanced virulence when expressed in the non-pathogenic surrogate Mycobacterium smegmatis. Since cell wall lipids often play different roles in pathogenic and non-pathogenic mycobacteria, we investigated the role of PE11 in its host, Mtb. Mtb with lowered expression of PE11 (PE11 knock-down) displayed significant changes in colony morphology and cell wall lipid profile, confirming the role of PE11 in cell wall architecture. In addition, the levels of phthiocerol dimycocerosates, a cell wall virulence factor, were decreased. Levels of trehalose esters and free mycolic acids were increased. In contrast to M. smegmatis expressing Mtb PE11, a role reversal was observed in Mtb with respect to pellicle/ biofilm formation. The PE11 knock-down Mtb strain showed significantly enhanced aggregation and early biofilm growth in detergent-free medium, compared to the wild-type. Knock-down strain also showed nearly 27-fold up-regulation of a fibronectin attachment protein (Rv1759c), linking biofilm growth with over-expression of bacterial proteins that help in aggregation and/or binding to host extracellular matrix. The knock-down also resulted in poor virulence of Mtb in PMA (phorbol 12-myristate 13-acetate) treated and PMA+IFN-g treated THP-1 macrophages. Therefore, the study not only links PE11 to cell wall virulence lipids but also reveals the involvement of this cell wall associated esterase in down-regulation of biofilm in Mtb.
INTRODUCTION
An important feature of the mycobacterial genomes is the presence of PE and PPE gene families which, in Mycobacterium tuberculosis (Mtb) H37Rv, contributes to about 10 % of the coding capacity [1] . The Mtb strain H37Rv genome encodes approximately 167 PE and PPE proteins, which have crucial roles in pathogen's virulence and immune evasion. They are named after the highly conserved Pro-Glu (~110 amino acids) and Pro-Pro-Glu (~180 amino acids) sequence motifs in the N-terminal domains in PE and PPE proteins, respectively. Even though the functions of these proteins remain largely unknown, accumulating evidence suggests that these proteins play roles in mycobacterial pathogenicity [2] [3] [4] [5] [6] . Unlike the N-terminal domain, the Cterminal segments of PE and PPE proteins vary widely, comprising large peptide repeats of variable copy number or putative enzymatic domains [7] . The pe and ppe genes are not found outside the genus Mycobacterium and are also rare in non-pathogenic mycobacteria; for instance, Mycobacterium smegmatis genome contains only two pe-ppe pairs [8] .
PE and PPE proteins are either secreted or located on the cell surface and the information for the translocation is carried by the PE protein, PE domain or PPE domain [9] [10] [11] . These proteins are exported through the type VII secretion system ESAT-6 (ESX), of which systems ESX-6, ESX-3 and ESX-5 are currently known to be involved in the secretion of PE/PPE proteins [10, 12, 13] . The PE11-PPE17 pair of Mtb encoded by the Rv1169c-Rv1168c operon is hypothesized to have been duplicated from esx gene cluster regions and no orthologues have been identified in other sequenced mycobacterial genomes [8] . Since PPE17 can translocate to the cell surface independent of PE11 [11] , it can be speculated that PPE17 carries the translocation signal and helps PE11 to translocate to the cell surface. PE11 was found to induce a strong humoral immune response in children with extrapulmonary tuberculosis [14] , while PPE17 (Rv1168c) was found to display a strong humoral and IFN-g response in active tuberculosis patients [15] .
PE11 was annotated as a probable esterase/lipase, lipX, by Deb et al. [16] . Two recent studies showed that PE11 is an esterase [17] that modifies the cell envelope lipid composition and confers virulence and resistance to environmental and antibiotic stress when expressed heterologously in M. smegmatis [17, 18] . Nature, abundance and modification of cell wall lipids determine the virulence and immunogenicity of mycobacterial species and strains [19] [20] [21] [22] [23] . Hence, it was hypothesized that cell wall alterations caused by PE11 esterase may produce different outcomes in M. smegmatis and Mtb. Here, we give insights into the role of PE11 in its natural host Mtb, using a knock-down mutant. Our data, while reinstating the role of PE11 in cell wall modulation and virulence, however, reveal a role reversal in Mtb compared to M. smegmatis with respect to biofilm growth. The observation therefore also hints at the limitations of using nonpathogenic surrogates in exploring Mtb pathogenicity.
METHODS
Bacterial strains, plasmids and growth conditions Escherichia coli DH5a, grown in LB medium at 37 C, was used as a host strain for cloning and plasmid propagation. The Mtb H37Rv was grown in MB7H9 medium supplemented with 10 % oleic acid/albumin/dextrose/catalase (OADC) and 0.05 % (v/v) Tween 80 or on solid MB7H10 agar containing 10 % OADC and 0.2 % glycerol. When required, media were supplemented with kanamycin, 30 µg ml
À1
. The strains as well as plasmids used and generated in this study are listed in Table S1 (available in the online Supplementary Material) , while all PCR primers are listed in Table S2 .
Cloning and construction of pe11 knock-down mutant The pe11 knock-down Mtb mutant strain was constructed using pMV361, a mycobacterial integrative expression vector. The pe11 gene was amplified from genomic DNA of Mtb H37Rv by PCR using primers mentioned in Table S2 . The PCR product was cloned in an inverse orientation into pMV361 vector, harbouring hsp60 promoter which is constitutively expressed. The consequent recombinant construct designated as pMV361 pe11KD or pMV361 vector (empty vector control) obtained from transformants was confirmed by restriction digestion and DNA sequencing prior to electroporation into Mtb H37Rv. Electroporation was performed as previously reported [24] and the recombinants were selected on MB7H10 agar+OADC (10 %)+glyc-cerol (0.2 %)+kanamycin (30 
Colony morphology
For assessing colony morphology on MB7H10 agar plates or on modified MB7H10 agar plates in the presence/absence of glycerol and OADC, the cultures (Mtb EV and Mtb
pe11KD
) were grown and filtered through a 5 µm pore size filter to ensure that all colonies arise from single bacterial cells. At OD 600 of 0.5, the cultures were diluted to 1/10 using 7H9 medium and then 5 µl was spotted on MB7H10+kanamycin (30 µg ml À1 ) agar plates with variations in OADC and glycerol. Plates were incubated at 37 C for 3-4 weeks. Colonies were visualized and photographed by means of Nikon eclipse E100 microscope under low magnification (Â4).
Scanning electron microscopy
Mycobacterial strains (Mtb EV and Mtb pe11KD ) grown on MB7H10+OADC (10 %)+glycerol (0.2 %)+kanamycin (30 µg ml
À1
) agar plates were fixed with 2.5 % (v/v) glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) for 3 h at room temperature, osmicated and dehydrated in ascending series of ethanol. Samples were critical point dried using an Emitech K850 CPD (Quorum Technologies, UK) followed by mounting them on specimen holders (stubs) and sputter coating with Au-Pd alloy. Samples were then analysed under an FEI Quanta 250 scanning electron microscope. The imaging conditions have been mentioned in the databar of the scanning electron micrographs.
In vitro growth kinetics of recombinant Mtb strains Mtb EV and Mtb pe11KD were grown for 2 weeks at 37 C in MB7H9 medium supplemented with 10 % OADC, 0.05 % Tween 80 and kanamycin (30 µg ml À1 ). The cultures were diluted to an OD 600 of 0.1 using MB7H9 medium and then optical density was measured at 2, 4, 6, 8, 10, 12, 14 and 16 days of incubation.
Aggregation property
For monitoring aggregation property by the two strains, 5 ml cultures of Mtb EV and Mtb pe11KD were grown in MB7H9+OADC (10 %)+Tween 80 (0.05 %)+kanamycin (30 µg ml À1 ) broth. At OD 600 of 0.6, cultures were allowed to stand still for 3 h at room temperature. After 3 h, the upper portion of the culture containing dispersed cells was discarded and the bottom portion of culture containing the aggregated cells in the form of pellet was collected. Further, the collected bacilli were stained with Ziehl-Neelsen stain for studying aggregation property of bacilli. ) media. On reaching OD 600 of~0.8, the cultures were harvested, washed in PBS and further resuspended in fresh medium devoid of Tween 80 at an initial OD 600 of 0.05. The cultures were incubated at 37 C statically and observed weekly for any development of biofilms/pellicles for up to 5 weeks. An assay for biofilm formation using crystal violet was carried out as described previously [25] with minor modifications. Briefly, the medium was removed from wells by pipetting underneath the biofilm at the interface. Biofilms were dried and cells were washed thrice with deionized water, stained with 1 % crystal violet and assayed by spectrophotometric reading of the ethanol extract at 570 nm. After washing with deionized water, the stained biofilms were photographed.
Pellicle and biofilm formation assay
Quantitative RT-PCR Total RNA extraction, cDNA synthesis and quantitative RT-PCR were performed as described previously [26] . Primer sequences are listed in Table S2 . The RT-PCRs were run in triplicate for each gene and the specificity of the PCR products was verified by gel electrophoresis and melting curve analysis. Results were normalized to the gene SigA as endogenous control. Relative expression values were calculated using the 2 ÀDDCT method [27] .
Mycobacterial lipid extraction and analysis
Mtb strains (Mtb EV and Mtb pe11KD ) were grown in MB7H9 +OADC (10 %)+Tween 80 (0.05 %)+kanamycin (30 µg ml
À1
) broth, until OD 600 reached 0.6-0.8. The cultures were autoclaved to kill viable bacteria prior to lipid extraction. Mycobacterial total lipids were extracted and analysed by silica TLC as described previously [28] . Briefly, 100 mg dry weights of the bacteria were suspended in 5 ml methanol : 0.3 % NaCl (10 : 1). An equal volume of petroleum ether was added and the mixture was stirred vigorously for 1 h. After centrifugation, the non-aqueous upper layer containing the apolar lipids was collected. The extraction was repeated once. Polar lipids were extracted from the cell pellet by adding chloroform : methanol : 0.3 % aqueous NaCl (9 : 10 : 3). The mixture was stirred vigorously and centrifuged. The pellet thus obtained was resuspended in chloroform : methanol : 0.3 % aqueous NaCl (5 : 10 : 4) ratio. The extraction was repeated once. The supernatant was mixed with an equal volume of chloroform : 0.3 % aqueous NaCl (1 : 1) and polar lipids were recovered from the lower aqueous phase. The apolar lipids and polar lipids were dried using a rotary evaporator (Heidolph Instruments) and were resuspended in a minimal volume of dichloromethane and chloroform : methanol (2 : 1), respectively. Lipids were analysed by 1D/ 2D TLC using aluminium-backed silica gel 60 F254 TLC plates (Merck, Darmstadt). One hundred micrograms of the lipid extract were spotted onto the plates using glass microcapillary pipettes. Plates were dried before being placed in TLC tanks containing appropriate solvent mixtures (described in the figure legend). Staining was performed with 5 % (v/v) solution of molybdophosphoric acid (Sigma Aldrich) prepared in 95 % ethanol. Stains were sprayed onto TLC plates and lipids were visualized by charring using a hot plate before being photographed or scanned. Different lipids were identified in reference to published TLC patterns of mycobacteria [29] [30] [31] [32] .
Infection of THP-1 macrophages with recombinant Mtb strains: Intracellular survivability assay THP-1 human monocytes (ATCC TIB202) were grown in a 12-well plate in RPMI 1640 medium supplemented with 10 % heat-inactivated FBS and antibiotic/antimycotic solution (Sigma) at 37 C under an atmosphere of 5 % CO 2 . Cells were differentiated into macrophages with 50 ng ml À1 PMA (phorbol 12-myristate 13-acetate) up on reaching a density of 1Â10 6 cells ml À1 and were incubated for 48 h to allow differentiation. The differentiated THP-1 cells were stimulated for the next 48 h with 50 ng ml À1 recombinant human IFN-g (Life Technologies). The following day, the monolayers were washed thrice with sterile PBS to remove antibiotics and infected with Mtb EV and Mtb pe11KD at an m.o.i. of 10 : 1 in RPMI media containing 10 % FBS at 37
C for 4 h. The cells were then subjected to extensive washing with pre-warmed RPMI media to remove extracellular bacilli. The infected macrophage monolayers were lysed with 0.1 % (v/v) Triton X-100 at various time intervals. Appropriate dilutions of the lysates were plated on MB7H10+kanamycin ( 
Data analysis
Data analysis was performed using GraphPad Prism version 5.01. ANOVA with Bonferroni's post-tests or unpaired ttest was used to determine significance of observed differences. Differences were considered statistically significant when P was <0.05 (*), <0.01 (**) or <0.001 (***).
RESULTS
Knock-down of pe11 alters the colony morphology and slows down growth Transposon mutagenesis studies report PE11 as essential [33] and non-essential [34] for the in vitro growth of Mtb H37Rv. Hence, in the absence of clear data, we attempted to create a pe11 knock-out mutant of Mtb using the p2NIL-pGOAL19 vector system [35] . Despite getting a large number of single-crossover strains, true double-crossover strains could not be isolated. A total of 100 colonies were screened by PCR, among which 85 colonies showed the positive PCR and were wild-type double-crossover strains (Fig. S1 ) while the remaining 15 were spontaneous sucrose-resistant singlecrossover colonies. The results demonstrated that, despite the second crossover event, the mutants failed to grow on the selective medium used, which suggests that pe11 is an essential gene. Hence, a pe11 knock-down mutant strain (Mtb pe11KD ) was constructed which expresses the antisense transcripts of pe11 to repress the expression of chromosomal pe11. Quantitative RT-PCR analysis revealed that the knock-down mutant expressed 88.57 % less pe11 transcripts compared to the empty vector carrying strain (Mtb EV ) during exponential growth in vitro.
According to published reports [36] and TB Database Operon Browser (http://tuberculosis.bu.edu/tbdb_sysbio/ operon/Rv1169c.html), ppe17 and pe11 form a bi-cistronic operon. Rv1167c that encodes a putative transcription regulator is not a part of this operon. To overrule any polar effects of the pe11 down-regulation on Rv1167c and ppe17, we performed RT-PCR. We obtained co-transcripts of ppe17-pe11, but not those of Rv1167c-ppe17-pe11 or Rv1167c-ppe17 (Fig. S2 ). This confirms that ppe17 and pe11 are co-transcribed, but not Rv1167c. Hence, the antisense transcripts of pe11 may or may not down-regulate ppe17 but not Rv1167c transcription. Our quantitative RT-PCR showed that, in Mtb pe11KD , the transcription of ppe17 is only mildly down-regulated (~1.5-fold). It has been demonstrated for bacteria that antisense repression of one gene in an operon does not always affect the transcript levels of remaining co-transcribed genes [37] .
Compared to Mtb
EV , colonies of Mtb pe11KD were less structured and lacked the networking pattern in the centre region. The edges of both types of colonies however appeared more or less similar (Fig. 1a) . Light microscopic analysis of colonies of Mtb EV and Mtb pe11KD revealed that the knock-down led to lesser cord formation compared to control where pe11 expression was unchanged (Fig. 1b) . Scanning electron microscopic images of colony suggested that Mtb pe11KD colonies showed thicker and less compact cording when compared to control colonies (Fig. 1c) .
Colony morphotypes varied with the presence or absence of glycerol and/or oleate in the MB7H10 agar medium (Fig. S3a) . In addition, light microscopic analysis of colonies of Mtb EV and Mtb pe11KD confirmed the changes in colony structure (Fig. S3b) .
In standard MB7H9 broth containing kanamycin, Mtb EV and Mtb pe11KD grew at a similar rate up to day 10, after which Mtb pe11KD grew at a slower rate (P<0.001) (Fig. 2) 
Down-regulation of pe11 induces aggregation and early pellicle formation Cultures of Mtb
EV and Mtb pe11KD were grown in 5 ml standard MB7H9+kanamycin medium under shaking conditions. On reaching optical density at 0.6, the cultures were allowed to settle down at room temperature for 3 h. It was observed that, under static conditions, knock-down mutant cells settled down faster compared to Mtb EV cells, which remained dispersed in the medium (Fig. 3a) . For each strain, aggregated cells were collected and stained with Ziehl-Neelsen stain. Acid-fast staining showed that pe11 knock-down mutant strain grew more in aggregates, compared to control (Mtb EV ) strain which grew more as single/ isolated bacilli (Fig. 3b) . (Fig. 3c, d ). At this time point, Mtb EV grew as planktonic forms without forming significant pellicle/biofilm. The observation was also confirmed by quantitative crystal violet binding (Fig. 3e, f) . Mtb EV strain formed significant pellicle/biofilm by 5 weeks (data not shown). pe11 down-regulation is accompanied by an upregulated expression of the fibronectin attachment protein Rv1759c Formation of biofilms by pathogenic bacteria requires bacterial attachment to fibronectin in the extracellular matrix [38] . This is facilitated by fibronectin-binding proteins expressed by the pathogen [38] [39] [40] . These proteins may also help in interbacterial adhesion to form aggregates in the biofilm [41] . In order to see if the enhanced biofilm formation by the pe11 knock-down strain was accompanied by an increased expression of any fibronectin attachment protein, we looked at the expression of two such proteins of Mtb -Rv1759c and Rv1860. The Rv1759c mRNA levels were highly up-regulated (27.66-fold) in pe11 knock-down mutant strain compared to Mtb strain expressing pe11. However, transcript levels of Rv1860 were moderately upregulated (2.08-fold) (Fig. 4) .
PE11 deficiency results in widespread changes in cell wall lipid composition
Modifications in colony phenotype, pellicle formation and aggregation properties suggested that pe11 knock-down mutant had altered composition of cell wall lipids compared with the Mtb expressing pe11. In order to identify possible differences in lipid composition, total lipids were extracted from both Mtb EV and Mtb pe11KD cells and lipids were analysed by 2D TLC using a wide range of solvent mixtures. Compared to control strain, the following lipid moieties were found to be affected in pe11 knock-down mutant cells: triacylglycerol, menaquinone, phthiocerol dimycocerosates (PDIMs), free fatty acid, triacyltrehalose mycolipenates, glucose monomycolate (GMM), trehalose dimycolate (TDM) and free mycolic acids (Fig. 5) . PDIM signal was undetectable in the mutant. Signals for all other lipids were enhanced in the mutant. Moreover, compared to control cells, an unidentified lipid species signal was developed on TLC plate of pe11 knock-down mutant cells. Since it has been reported that PDIMs are lost spontaneously by certain strains of Mtb during in vitro culturing or in transformants obtained by electroporation [42] , PDIMs were also separately analysed by 1D TLC (Fig. 6a, b) and the results showed that both the wild-type and empty vector strains synthesized PDIMs, while the knock-down did not. The empty vector control strain retained the PDIMs, even though it was subjected to the same conditions (electroporation) as the knock-down mutant. In addition, four independent randomly picked isolates of the knock-down from the original electroporation experiment were analysed for PDIMs. The results showed that all the isolates showed significantly decreased PDIMs (Fig. S4a, b) . Therefore, the effect on PDIMs was consistent in multiple pe11 knock-down isolates tested and hence confirmed that the fall in PDIMs was due to down-regulation of pe11 and not due to spontaneous random mutations. Since the lipid esters that accumulated in the knock-down strain (TDM, triacyltrehalose mycolipenate and GMM) are associated to the cell surface [43] [44] [45] [46] , PE11 esterase may potentially affect different lipid esters associated with the cell wall. Enhanced pellicle formation by the knock-down strain could be an effect of altered composition of surface lipids.
Knock-down of pe11 results in decreased survival of Mtb inside macrophages pe11 is absent in non-pathogenic mycobacteria and has been found to improve the intracellular survival of M. smegmatis with a heterologous pe11 [17, 18] . We analysed the intracellular survival of Mtb pe11KD in THP-1 macrophages. PMA-differentiated THP-1 macrophages were either directly infected or infected after IFN-g activation with Mtb EV or Mtb pe11KD at a multiplicity of 10. In the absence of IFN-g activation, the intracellular c.f.u. values of Mtb pe11KD were significantly lower compared to those of Mtb EV at 48, 72 and 120 h post-infection (Fig. 7, P<0.001) . The growth defect of Mtb pe11KD was apparent earlier and more pronounced in IFN-g activated macrophages than PMA alone treated macrophages (P<0.001). The results therefore demonstrate that the pe11 is required for optimal intracellular survival of Mtb inside human macrophages.
pe11 knock-down results in reduced necrotic death of THP-1 macrophages Deng et al. showed M. smegmatis expressing Mtb-pe11 to induce necrotic cell death of U937 macrophages reflected as increased release of LDH from the lysed cells [18] . We compared Mtb EV and Mtb pe11KD for their ability to cause necrotic cell death of PMA-differentiated or PMA-differentiated and IFN-g activated THP-1 macrophages. The amount of LDH released into the culture supernatant was used as a measure of necrotic cells. Compared to Mtb EVinfected cells, Mtb pe11KD -infected cells released less LDH from both PMA (Fig. 8a) and PMA+IFN-g (Fig. 8b) activated THP-1 cells at all time points post-infection studied (P<0.001). The results suggest that Mtb requires pe11 to induce macrophage necrosis.
DISCUSSION
Bacterial lipolytic enzymes are classified into carboxylesterases (EC 3.1.1.1) and true lipases (EC 3.1.1.3). The former hydrolyse small ester containing partially water soluble molecules, while the latter acts maximally on water-insoluble long-chain triglycerides and various types of phospholipids [47] . Even though PE11 was designated as lipX owing to its homology to triacylglycerol lipases, it showed only poor hydrolytic activity on triolein [16] . Later, Singh et al. [17] demonstrated that PE11 is an esterase rather than a lipase, with optimal activity on esters with short carbon chains (C2 to C8). Bacterial esterases involved in cell wall modification are thought to affect multiple processes, such as bacterial cell division, biofilm formation, autolysis, susceptibility to cell wall destabilizers and colonization [48] .
Two earlier studies in recombinant M. smegmatis [17, 18] and the present study in Mtb suggest that PE11 is primarily involved in the maintenance/modification of cell wall architecture and virulence. In addition, our study demonstrates that PE11 is essential for the optimal intracellular survival of Mtb and its presence restricts the biofilm growth of Mtb.
The TLC analysis of total lipids revealed that PDIMs decreased in the PE11 knock-down mutant. PDIMs are diesters of phthiocerol and polymethyl-branched fatty acids called mycocerosic acids [49] . These are established virulence determinants located in the cell wall of pathogenic mycobacteria [50] [51] [52] [53] . Decrease in PDIMs could be one of the reasons that resulted in the attenuated phenotype of PE11 knock-down strain in THP-1 macrophages. Other major differences in the TLC profiles of mutant and wildtype are the increased abundance of sugar esters (polyacyltrehalose or PAT, TDM and GMM) and free mycolic acids in the PE11 mutant. Trehalose esters of mycolipenic acids are unique to the cell wall of pathogenic mycobacteria and their deficiency enhances the bacterial entry into host cells [52] . The increased abundance of these trehalose esters in the PE11 mutant might have caused reduced macrophage entry and ultimately reduced intracellular c.f.u. values. The PE11 deficient strain was also found to have higher levels of two other sugar esters of mycolic acids -namely TDM and GMM. Trehalose pools inside the mycobacterial cytoplasm are shared by PDIM, acyl trehaloses (PAT and DAT) and trehalose monomycolate [54] . The PDIM biosynthesis in the PE11 deficient mutant could be due to insufficient trehalose levels resulting from the accumulation of TDM, GMM and PAT. Moreover, a study showed that perturbations in trehalose recycling strongly impaired the virulence of Mtb [55] .
Cultures of mycobacteria in vitro spontaneously produce macroscopic structures, leading to the development of pellicles on the air/media interface [56] . Mycobacterium ulcerans and Mycobacterium avium have been reported to colonize in the host as multicellular communities [25, 57] . Formation of Mtb biofilms in vivo is unclear at present and is being investigated. The property of Mtb organisms to grow in massive numbers on the surface of the lung cavity, but not in any other part of the body, suggests a biofilm growth of Mtb in the host [58] . Recombinant M. smegmatis expressing Mtb PE11 was reported to show enhanced aggregation and pellicle formation [17] . Surprisingly, we observed the reverse in Mtb, where deficiency of PE11 led to enhanced bacterial aggregation and pellicle/biofilm growth. Both aggregation and pellicle/biofilm growth reflect selforganized multicellular structures encapsulated within a matrix of extracellular polymeric substance (EPS) [56] . The genetic loci associated with biofilm growth are different in M. smegmatis and Mtb [30, 59, 60] . While glycopeptidolipids play an important role in biofilm growth of M. smegmatis [59] , this lipid species is absent in Mtb [61] . A TDMspecific esterase has been shown to hydrolysis TDM to release free mycolic acids and enhance biofilm growth in M. smegmatis [62] . Hence, it can be speculated that, in M. smegmatis, the PE11 esterase might enhance the pellicle formation by releasing free mycolic acids from TDM or other mycolic acid esters. On the other hand, in Mtb, PE11 seems to be part of the biofilm regulatory mechanism, where it may inhibit the formation of EPS with its esterase activity. Studies in biofilm-forming bacteria show that extracellular hydrolases can affect EPS composition and properties, thereby influencing biofilm development [63] .
Biofilm formation is transcriptionally regulated in bacteria and involves the activation and repression of cell surface and secreted proteins. For instance, the AraC/XylS family regulator, Rsp represses biofilm formation in Staphylococcus aureus [64] . Rsp up-regulates many cell surface/secreted proteases, esterases and lipases, while it down-regulates proteins that are required for bacterial attachment to extracellular matrix [64] . Biofilm-forming pathogenic bacteria are reported to enhance the expression of fibronectin-binding proteins to increase bacterial aggregation during the development of biofilm [38] . Two such fibronectin-binding proteins of Mtb (Rv1759c and Rv1860) were tested for their expression in the PE11 deficient strain. Rv1759c (Wag22), a secreted PE-PGRS protein, is specific to Mtb, while Rv1860 (Apa) has orthologues in M. smegmatis. The expression of Rv1759c was found up-regulated while that of Rv1860 was moderately up-regulated. Bioinformatic data in the TB database (http://genome.tbdb.org/annotation/genome/tbdb/ RegulatoryNetwork.html) suggest that Rv0023 could be a candidate transcriptional regulator common to pe11, Rv1759c and Rv1860. Experimental investigations are required to support this hypothesis.
The present study therefore sheds light on the role of PE11 esterase in restricting biofilm growth of Mtb. In addition, the study suggests a probable mechanism by which PE11 enhances the virulence of Mtb, which is by maintaining the PDIM levels.
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